A critical component in the assessment of long-term risk from geologic sequestration of carbon dioxide (CO 2 ) is the ability to predict mineralogical and geochemical changes within storage reservoirs as a result of rock-brine-CO 2 reactions. Impurities and/or other constituents in CO 2 source streams selected for sequestration can affect both the chemical and physical (e.g., density, viscosity, interfacial tension) properties of CO 2 in the deep subsurface. The nature and concentrations of these impurities are a function of both the industrial source(s) of CO 2 , as well as the carbon capture technology used to extract the CO 2 and produce a concentrated stream for subsurface injection and geologic sequestration.
Introduction
This report summarizes the chemical impurities typically found in major carbon-dioxide (CO 2 ) source streams, and identifies some prototypical source stream compositions for use in geochemical experiments. This work supports the American Recovery and Reinvestment Act National Risk Assessment Partnership, aimed at providing scientific basis for risk assessments with respect to the long-term storage of CO 2 .
The primary objectives of this report are to achieve the following:
• Identify major CO 2 source streams from industrial sources outside the power (energy) production industry that contain co-contaminants
• Identify most industrially important co-contaminants to consider in assessing long-term geologic storage of CO 2
• Select a few prototypical CO 2 waste stream compositions for use in experimental studies.
Background
Geologic sequestration of CO 2 is a promising technology for stabilizing atmospheric greenhouse gas concentrations by separating and capturing CO 2 from industrial or energy-related sources, transporting it to a storage location, and injecting it deep underground for long-term isolation from the atmosphere. A critical component in the assessment of long-term risk from these activities is the ability to predict mineralogical and geochemical changes within storage reservoirs due to rock-brine-CO 2 reactions. Impurities and/or other constituents selected for co-sequestration can affect both the chemical and physical (e.g., density, viscosity, interfacial tension) properties of CO 2 in the deep subsurface. The generic CO 2 Features, Events and Processes database (Savage et al. 2004) lists the composition of the CO 2 source stream(s) as a key feature to be considered for the assessment of long-term performance and safety of geologic storage of CO 2 .
Numerous studies have been performed using pure supercritical CO 2 , and some efforts have been expended to examine co-contaminants relevant to power (energy) production. However, few studies have focused on co-contaminants that are unique to major non-energy-related industrial sources. The intent of the American Recovery and Reinvestment Act National Risk Assessment Partnership is to use site-specific materials and CO 2 stream compositions (including co-contaminants) from existing or planned large-scale industrial carbon capture and sequestration (CCS) projects to experimentally identify geochemical mechanisms and their impact on long-term risk profiles.
The first step in this effort is to identify the most industrially important co-contaminants and their potential concentrations, and to identify a few prototypical CO 2 waste stream compositions for use in these experimental studies. Section 3.0 provides a summary of the major sources of CO 2 and an overview of carbon capture technologies. Section 4.0 provides a description of potential impurities/ co-contaminants typically found in stack emissions from the largest non-energy industrial sources. Section 5.0 summarizes some potential post-carbon capture CO 2 sequestration source stream concentrations produced from large non-energy industrial sources for possible use in experimental studies.
Major CO 2 Source Streams
CO 2 is emitted to the atmosphere both naturally through the carbon cycle and through human activities. The focus of this review is on anthropogenic CO 2 emissions (particularly from non-energyrelated industrial sources) and their co-contaminants and concentrations that could be targeted for sequestration. These co-contaminants are a function of both the industrial source(s) of the CO 2 , as well as the carbon capture technology used to extract the CO 2 and produce a concentrated stream that can be compressed into liquid form and readily transported to a geologic sequestration site.
Major Sources of Anthropogenic CO 2 Emissions
The predominant source of anthropogenic CO 2 emissions is the combustion of fossil fuels (coal, oil and natural gas) in power plants, automobiles, industrial facilities, and other sources (EPA 2010, p. 1-3) . Non-energy production processes, such as cement production, metal production, and the use of petroleum-based products also emit notable quantities of CO 2 . Forest clearing activities and other biomass burning also contribute to CO 2 emissions. 
Carbon Dioxide Recovery/Capture
The first step in geologic sequestration of CO 2 is to separate the CO 2 from other exhaust gases and produce a concentrated stream of CO 2 that can be compressed into liquid form and readily transported to a geologic sequestration site. CO 2 is routinely separated and captured as a by-product from industrial processes such as synthetic ammonia production, hydrogen (H 2 ) production, and limestone calcination, and represents the 19th largest commodity chemical in the United States, based on mass.
1 However, existing capture technologies are not very effective in producing concentrated CO 2 from large air-fired combustion sources-such as power plants-that dilute the CO 2 with nitrogen. Flue gas from coal-fired power plants contains 10-12% CO 2 by volume, while flue gas from natural gas combined cycle plants contains only 3-6% CO 2 .
(NO x ), and other emissions controls are in place). The most commonly used technology for low concentration CO 2 capture is absorption with amine-based chemical solvents (e.g., monoethanolamine [MEA] ), adapted from the gas processing industry (GCEP 2005) . MEA was developed over 60 years ago as a general, nonselective solvent to remove acid gases, such as CO 2 and hydrogen sulfide (H 2 S), from natural gas streams (Herzog 1999) . The process was modified to incorporate inhibitors to resist solvent degradation and equipment corrosion when applied to CO 2 capture from flue gas. If NO x , sulfur oxides (SO x ), or other reactive impurities are present, they are first removed (such as by low NO x burners and selective catalytic reduction [SCR] ). Otherwise, they can react preferentially with the amines, reducing the capacity for CO 2 , or irreversibly poisoning the solvent. Rao and Rubin (2002) reported that when SO 2 or nitrogen dioxide (NO 2 ) react with MEA, they form heat-stable salts that reduce the MEA solvent's capacity for absorbing CO 2 . SO 2 is more of a concern than NO x because in flue gas, the most common form of NO x is nitric oxide (NO), which is not reactive with MEA.
There are specific advantages and disadvantages to using any CO 2 capture technology (Figueroa et al. 2008) . For example, post-combustion technologies are relatively high in cost because CO 2 in the treatment stream has been diluted by combustion air. Pre-combustion capture systems are generally aimed at waste streams that contain higher concentrations if CO 2 . However, precombustion technologies also have high costs. The oxy-fuel combustion capture process involves burning fossil fuels in pure oxygen rather than air, which produces almost pure CO 2 with some water vapor. The main problem with this technology is separating the oxygen from the air, which usually requires a lot of energy. Scholes et al. (2009) states that certain chemical impurities such as SO x and NO x have a tendency to degrade polymeric membranes used for CO 2 capture if they come in contact with water. The amount of impurities found in flue gas and carbon streams need to be considered before carbon capture to ensure the membranes are capable of separating both CO 2 and the impurities.
While SO 2 can be destructive to the capture process if MEA solvents are used, it has been shown to have little effect on the geologic sequestration process because it has chemical properties very similar to those of CO 2 (Scholes et al. 2009 ). According to Nougueira and Mamora (2008) , the injection of CO 2 that contains less than one mole % of chemical impurities would result in practically the same volume of CO 2 being sequestered as a stream of pure CO 2 . Not needing to completely purify emissions would reduce the costs of carbon capture, making carbon capture a more feasible option. Carbon capture for pure CO 2 streams, such as those produced from ammonia or ethanol plants, is half the price of CO 2 streams that requires the removal of impurities (Herzog and Drake 1996) . If a slightly contaminated stream could be injected into the ground for storage with similar results as CO 2 , the costs of carbon capture for these streams could be potentially reduced by 50%.
Recovery of CO 2 from Relatively Pure Sources
In a few instances, industrial processes emit relatively pure CO 2 , which can be separated and captured relatively cheaply. Such processes generally produce CO 2 as a commercial byproduct for use in a number of products/industries, such as fire extinguishing systems; soft drink carbonation; freezing or cooling of food products; enhanced oil recovery (EOR); and alkaline water treatment. Capturing and producing CO 2 as a commercial product generally depends on the availability of a relatively high-volume, CO 2 -rich gas stream. These streams primarily come from a large-scale chemical production process or biological process.
1 Typical gas streams used as feedstock for commercially viable liquid CO 2 plants come from the manufacture of some fertilizers, natural gas processing, and cement manufacturing. Large quantities of CO 2 (at concentrations up to 50% 2 ) are produced by lime kilns, which calcine the limestone to produce calcium oxide (lime), and magnesium oxide from dolomite (calcium magnesium carbonate). Other industrial activities that produce large amounts of relatively concentrated CO 2 are ammonia production and hydrogen production from natural gas or other hydrocarbon raw materials, corn-to-ethanol plants, and breweries.
3 CO 2 can also be manufactured directly by burning carbonaceous fuels. 4 However, the concentration of CO 2 in stack exhaust gases from simple combustion sources (heaters, boilers, furnaces) is usually not high enough to make CO 2 recovery commercially feasible. The economic viability of recovery and purification of CO 2 is highly dependent on the source of the CO 2 (i.e., whether the CO 2 is obtained from a natural source, a fermentation source, or a chemical processing source), the specific impurities found within the raw gas stream, and the end-use of the CO 2 .
Separation and Capture of CO 2 from Dilute Exhaust Gases
Most anthropogenic emissions of CO 2 come from coal-fired power stations, which can have flue-gas CO 2 concentrations as low as 10 to 15%.
5 Separating and capturing the CO 2 from such exhaust stack gases is complex due to the low concentration of CO 2 and the presence of undesirable compounds.
There are several CO 2 capture technologies available that can be applied either before (pre-combustion) or after (post-combustion) a fuel is burned (Folger 2010; Sass et al. 2005) . The separation/capture technology (e.g., chemical absorption [amines] , physical absorption, chemical absorption/flue gas recycling) and its application depend on the desired purity of the CO 2 and on the conditions of the source stream being treated (e.g., CO 2 and impurity concentrations).
Another approach, oxyfuel or oxy-combustion, burns the fuel using pure oxygen instead of air as the primary oxidant. This process produces less flue gas than air-fueled combustion and flue gas consists primarily of CO 2 and water vapor. Thus, this process does not require complicated CO2 capture technology.
Impurities/Co-Contaminants in CO 2 Captured for Geologic Sequestration
The composition of CO 2 source stream(s) destined for geologic sequestration is a key feature to be considered for the assessment of long-term performance and safety of geologic storage of CO 2 (Savage et al. 2004) . Different combinations of CO 2 feedstock and capture/purification technologies result in different sets of impurities and ranges in impurity concentrations in these source streams. Savage et al. (2004) infers that impurities such as H 2 S, methane (CH 4 ), nitrogen (N 2 ), NO x , SO 2 and mercaptans may be present in CO 2 source streams either intentionally or because it could be particularly difficult to separate them from the CO 2 feedstock. Savage et al. (2004) further indicates that NO x and SO 2 might be of particular interest because they are polluting gases that are generated by the same power plants that generate large amounts of CO 2 and attract emission taxes in certain countries (e.g., Italy). Their co-injection with CO 2 , even in small amounts, could help the economics of geologic storage. Savage et al. (2004) indicated the presence of even small amounts of other gases may have a strong effect on the phase behavior of CO 2 -dominated gases; these gases must be considered in high-pressure equations of state for CO 2 -dominated gas mixtures to account for changes in critical pressures and temperatures. Impurities can reduce the critical temperature, which in turn, has effects on interfacial tension. In addition to changes in interfacial tension, impurities may also change the wettability of the rock, which could lead to the rock needing different sealing capacities to contain the CO 2 and the chemical impurities (Li et al. 2005) . Impurities may also affect pore water chemistry (e.g., pH and redox conditions), depending on the impurities involved. Sass et al. (2005) identified a large variety of potential impurities in the CO 2 source streams for a number of typical CO 2 sources (Table 2) . Wang et al. (2010) indicates that oxygen (O 2 ) (in addition to N 2 , SO 2 , and H 2 S) can have negative effects on transport, injection, and storage of CO 2 . Wang et al. (2010) found that O 2 and N 2 had the greatest effect on increasing saturation pressure of the liquid and decreasing critical temperatures, but that SO 2 decreases the saturation pressure and increases the critical temperature. In addition, O 2 , N 2 , and H 2 significantly reduce the density of supercritical CO 2 and the solubility of CO 2 in brine by reducing the partial pressure of CO 2 ; both of these effects reduce the overall capacity of the storage reservoir.
From a geochemical perspective, Koenen and Tambach (2011) found that O 2 , H 2 S, SO 2 , and NO x were probably the most important impurities. Even at low concentrations, these impurities can influence the pH of the formation water, and disturb the geochemical and geomechanical properties of the reservoir rock, cap rock, and well bore material. These impurities were observed to only have significant effects if they accumulated near the injection well. It was further stressed the presence or absence of O 2 is of great importance, particularly in the oxidation of H 2 S. DOE (2007) indicated that impurities in the captured CO 2 streams (e.g., argon, water [H 2 O] , N 2 , and O 2 ) may also affect the compressor and pipeline operations. Sass et. al. (2005) . Note: The source types are generic sources and there are variations in individual processes.
EPA (2011) states the composition of the injectate will be reflected in several chemical and physical parameters assigned to the CO 2 fluid in the model simulations. EPA (2011) further indicates that studies by Knauss et al. (2005) and Xu et al. (2007) showed the addition of H 2 S had little impact on geochemical reactions and mineral trapping (formation of carbonate minerals), but the addition of SO 2 resulted in a lower pH in the injection zone, less carbon-bearing mineral precipitation, and more formation-mineral dissolution.
A review of the major CO 2 sources and their specific associated impurities and relative concentrations follows. This review relies mostly on a compilation of air pollutant emission factors (AP-42) taken from the U.S. Environmental Protection Agency's (EPA) Clearinghouse for Inventories & Emissions Factors.
1
For the purposes of this study, it is assumed that carbon capture technology applied to the exhaust gas emissions from these facilities removes most of the N 2 , O 2 , and Ar to produce a concentrated CO 2 stream 2 with the same approximate ratio of other impurities (e.g., NO x , SO x ) to CO 2 as the original exhaust emissions.
The focus of this report is on non-energy-related industrial sources of CO 2 emissions because few studies have focused on these sources. Many non-energy-related industries use fossil fuels as carbon feedstocks for the manufacture of synthetic material and chemical products, such as plastics, fibers, synthetic rubber, paints, solvents, fertilizers, lubricants, and surfactants. Following a brief overview of the impurities associated with CO 2 streams separated from flue gas generated by coal, oil, and natural gas power plants, the authors of this report concentrated on the top five non-energy-related industrial sources of CO 2 : non-energy use of fuels (e.g., scrap tires, carbon black, and synthetic rubber carbon emissions); iron, steel, and metallurgical coke production, cement production, natural gas systems, and lime production (e.g., from lime kilns). Sass et al. (2005) found that flue gas derived from combustion of carbon-rich fuel (e.g., coal) may contain SO x , NO x , several different low molecular weight hydrocarbons, carbon monoxide (CO), and mercury, and that concentrations of these impurities may vary greatly. Lee et al. (2009) estimated concentration of impurities in CO 2 streams separated from flue gases of different compositions produced from pulverized coal combustion power plants. Lee et al. (2009) found that flue gas from these plants could range between 10 and 3000 parts per million by volume (ppmv) SO 2 . Wet flue gas desulfurization (e.g., scrubbed using MEA-based absorption process) could reduce the SO 2 concentrations down to 135 ppmv. Heat-stable salt formation could reduce the SO 2 concentration to as low as 34 ppmv. Other impurities included sulfur tri-oxide (SO 3 ), NO 2 , hydrogen chloride (HCl), and oxidized mercury. Table 3 provides an estimate of the relative concentrations of impurities in a CO 2 stream separated from flue gas, as modified from Lee et al. (2009) and Sass et al. (2005) . Although this study is focused on the non-energy industrial sources of CO 2 for possible sequestration, information on flue gas sources is provided as a means of comparison for how carbon capture technologies might alter relative concentrations of impurities. 
Flue Gas from Coal-Fired Power Plants

Non-energy Use of Fuels
About 5-10% of fossil fuels are used for chemical conversion processes (of non-energy use).
1 Non-energy use of fossil fuels for the production of chemicals and certain refinery products results in CO 2 emissions throughout the life cycle in the industrial production, and during product use and subsequent waste treatment. This includes the first use of fossil fuels to create products such as lubricants, paraffin waxes, bitumen/asphalt, and solvents, and secondary uses or disposal of these products after first use (i.e., the combustion of waste oils such as used lubricants). For purposes of this study, the research was focused on three main industries: scrap tire, carbon black, and synthetic rubber.
Scrap Tires
Two to three billion (2-3 × 10 9 ) scrap tires are in landfills and stockpiles across the United States, with approximately one scrap tire per person generated every year (Reisman 1997) . The synthetic rubber in scrap tires consists of about 90% carbon (Freed et al. 2005) . CO 2 emissions primarily come from uncontrolled open burning and or controlled burning of the scrap tires as a source of fuel. Tire-derived fuels (TDF) are used in energy-intensive industries (such as cement kilns) as a source of renewable energy. Only the latter provides an opportunity for CO 2 capture and its impurities.
An analysis performed on the rubber portion of passenger car tires indicated they are generally made of carbon, hydrogen, ash, oxygen, sulfur, and nitrogen (EPA 1992). Emissions from burning of scrap tires include a variety of organic and inorganic compounds, many of which may pose health risks. There is a limited amount of emission data available with which to estimate emission factors (EPA 1997) . However, use of TDF is similar to the use of coal. TDF has a higher heating value than coal, less moisture content, more carbon, about as much sulfur as medium-sulfur coal, and much less fuel-bound nitrogen.
Because the most likely source of CO 2 emissions suitable for capture and sequestration comes from using TDF as an energy source via a dilute exhaust stream. Refer to flue gas emissions (Section 4.1) for an approximation of exhaust gas concentrations.
Carbon Black
Carbon black is a fine black amorphous form of carbon, generally 10 to 500 nm in diameter. It is principally used as a reinforcing agent in rubber compounds such as tires, and as a black pigment in inks, surface coatings, paper, and plastics. The tire industry consumes around 80% of the total carbon black (Hisazumi 2006) . About 90% of the carbon black manufactured in the United States is produced using an oil furnace process (EPA 1983) . Here, an aromatic liquid hydrocarbon feedstock is heated and injected continuously into the combustion zone of a natural gas-fired furnace, where it decomposes to elemental carbon in the form of carbon black. However, typical emissions from this process include particulate matter, CO, organics, NO x , sulfur compounds, polycyclic organic matter, and trace elements. The principal source of emissions is from the main process vent, and emissions may vary considerably according to the grade of the carbon black being manufactured, and the chemical makeup of the feedstock. Typical emission factors for carbon black manufacturing, using an oil furnace process, are shown in Table 4 . Hisazumi (2006) indicated the imperfect combustion of carbon black oil (or feedstock) converts half of the hydrocarbons into carbon black while the other half goes into the tail gas. Hisazumi (2006) also indicated the typical composition of this tail gas as shown in Table 5 .
Carbon capture technologies for the dilute exhaust gas from carbon black manufacturing would probably resemble those used with flue gas (from coal, oil, or gas-fired power plants) and would likely result in similar levels of impurities. 
Synthetic Rubber
Synthetic rubber is an artificial elastomer with the mechanical (or material) property that allows it to undergo much more elastic deformation than most materials and still return to its previous size without permanent deformation. Synthetic rubber is generally made from the polymerization of a variety of monomers including styrene and butadiene. These and other monomers can be mixed in various proportions with other impurities or additives to achieve a wide range of physical, mechanical, and chemical properties.
There are two types of polymerization reactions used to produce styrene-butadiene copolymers -the emulsion type and the solution type (EPA 1982) . During these processes, the condenser tail gases (noncondensables and volatile organic compound [VOC] vapors [mostly styrene and butadiene]) are vented to the atmosphere. The estimated emission factor for VOCs from the emulsion latex process is 8.45 g/kg of copolymer produced (EPA 1982 ). An estimated 6 kg of CO 2 is released to the air for every 1 kg from plastic produced.
2 A similar level of CO 2 release is assumed for the manufacture of synthetic rubber. The San Joaquin Valley Air Pollution Control District found only VOCs in area and point source emissions for rubber and rubber products manufacturing. 1 They reported zero emissions for NO x , CO, and SO x .
The carbon content of synthetic rubber is estimated at 90% for tire synthetic rubber and 85% for nontire synthetic rubber.
2 Approximately 2.5 lb per passenger tire and 10 lb per commercial tire are assumed to be abraded from the tires during use and considered to be 100% emitted (presumably as CO 2 ). Other than the abraded rubber, no other emissions from the use of synthetic rubber were identified.
3
Based on this study, the authors of this report have been unable to find relative proportions of impurities in a potential CO 2 source stream for carbon sequestration from the manufacture or use of synthetic rubber other than as a TDF (see Section 4.2.1).
Iron and Steel, and Metallurgical Coke Production
Iron and steel production is an energy-intensive activity that also generates process-related emissions of CO 2 , CH 4 , and other gasses. Process emissions occur at each step of the production process. Metallurgical coke is an important component of this process. Coke is used to produce iron or pig iron from raw iron ore, and is produced both onsite at "integrated" iron and steel plants and offsite at "merchant" coke plants.
Iron and Steel Production
Steel production at an integrated iron and steel plant is accomplished using several interrelated processes. The major operations are as follows: 1) coke production; 2) sinter production; 3) iron production; 4) iron preparation; 5) steel production; 6) semi-finished product preparation; 7) finished product preparation; 8) heat and electricity supply; and 9) handling and transport of raw, intermediate, and waste materials.
EPA (2010, p. 50) indicated the vast majority of greenhouse gases (i.e., CO 2 ) from steel production is emitted from blast furnace stove stacks where the combustion gases from the stoves are discharged. A small amount of emissions may also occur from flares, leaks in the ductwork for conveying the gas, and from blast furnace emergency venting. Emissions of CO 2 are also generated from the combustion of natural gas using flame suppression to reduce emissions of particulate matter. It was estimated in EPA (2010) that the relative composition of blast furnace gas contains about 60% nitrogen, 28% CO, and 12% CO 2 . Carbon capture technology applied to this dilute CO 2 exhaust stream would likely produce similar impurity estimates to those of flue gas (Section 4.1). 
Metallurgical Coke Production
Metallurgical coke is used in iron and steel industry processes (primarily in blast furnaces) to reduce iron ore to iron. Metallurgical coke is produced by destructive distillation of coal in coke ovens, in an oxygen-free atmosphere (-coked-) until most volatile components are removed. Most coke plants are colocated with iron and steel production facilities, and the demand for coke generally corresponds with the production of iron and steel.
1 An estimate of the relative proportions of concentrated (post carbon capture) combustion stack gases from coke production is provided in Table 6 (from EPA 2008). 
Cement Production
Portland cement accounts for 95% of the hydraulic cement production in the United States (EPA 1995a). Portland cement consists of a mixture of calcium silicates, aluminates, aluminoferrites. More than 30 raw materials are known to be used in the manufacture of Portland cement, the most notable of which is limestone. These materials are chemically combined through pyroprocessing and subjected to subsequent mechanical processing operations. NO x , SO 2 , CO, and CO 2 are the primary gaseous emissions in the manufacture of Portland cement. Small quantities of VOC, ammonia (NH 3 ), chlorine, and HCl may also be emitted. Emissions may also include products of incomplete combustion that are considered to be hazardous. Because some facilities burn waste fuels, particularly spent solvents in the kiln, these systems may also emit small quantities of additional hazardous organic pollutants. Also, raw material feeds and fuels typically contain trace amounts of heavy metals that may be emitted as a particulate or vapor (EPA 1995a).
In addition, calcium oxide (CaO) is produced from concrete plants and has been shown capable of being stored with sequestered CO 2 (Stolaroff et al. 2005) . CaO reacts with CO 2 to create CaCO 3, which has proven to be a stable compound that can be stored safely underground. In the presence of water, CaO also reacts relatively quickly with CO 2 so it is not difficult to create this compound. This is also an option for steel plants because high levels of CaO are present in steel slag.
Emission factors from Portland cement kilns and their relative proportions expected in a concentrated (post-carbon capture) CO 2 source stream are summarized in Table 7 . 
Natural Gas Processing
Raw natural gas is usually passed through field separators at the wellhead to remove hydrocarbon condensate and water. Natural gas contains a number of impurities, principally CO 2 and H 2 S, that must be removed before a number of separable commodities can be utilized. This is called "sweetening" the gas. The typical mole percent of CO 2 remaining in the processed natural gas is reportedly about 0.6 mol %.
1 Major emission sources in natural gas processing come from compressor engines, acid gas wastes, fugitive emissions from leaking equipment, and glycol dehydrator vent streams (if present). Most plants employ elevated smokeless flares or tail gas incinerators for complete combustion of all waste gas constituents, including virtually 100% conversion of the H 2 S to SO 2 . Thus, the major pollutant is SO 2 . The emission factor for SO 2 from gas sweetening plants is 26.98 kg/10 3 m 3 gas produced, while those for CO and NO x are negligible (EPA 1995b). Due to the high level of impurities and low levels of CO 2 , it is unlikely that natural gas processing plants would be targeted for carbon capture and sequestration, at least in the near future.
Natural Gas Combustion
Natural gas is one of the major fuels used to generate electric power, produce industrial process steam and heat, and heat commercial and residential buildings. Natural gas contains a high percentage (generally <85%) of CH 4 and varying amounts of ethane, propane, butane, and inerts (typically N 2 , CO 2 , and helium) (EPA 1998a). There are three major types of boilers used for natural gas combustion for utility and industrial purposes: watertube, firetube, and cast iron. Residential boilers and furnaces are generally similar to firetube boilers. The emissions from natural gas-fired boilers and furnaces include NO x , CO, CO 2 , CH 4 , N 2 O, VOCs, trace amounts of SO 2 , and particulate matter (EPA 1998a) . A number of control techniques (both during and after combustion) are used to reduce these emissions (particularly NO x ). For the purposes of developing emission factors, EPA organized natural gas combustion processes into three categories: large wall-fired boilers, boilers and residential furnaces, and tangential-fired boilers. Emission factors, in lb/million standard cubic feet (scf) of natural gas fired, are summarized in Table 8 . 
Lime Production
Lime is produced through calcination of limestone, dolomite or other natural materials. The center of lime production is the lime kiln, and the most prevalent type of kiln is the rotary kiln, accounting for about 90% of all lime production in the United States (EPA 1998b). CO 2 , CO, SO 2 , and NO x are all produced in lime kilns. Emissions are influenced by the content of the fuel used to heat the kiln, content and mineralogic form of the feed material, quality of the lime produced, type of kiln used, and type of pollution control equipment used. An estimate of the relative proportions of these gases expected in a concentrated (post-carbon capture) CO 2 source stream is provided in Table 9 (from EPA 1998b). The primary air toxics present in the exhaust gases from lime kilns are metals such as arsenic, cadmium, chromium, and nickel, and HCl. 1 An example of lime kiln exhaust gas emission concentrations comes from EPA testing of a lime kiln in Alabaster, Alabama, in 1998 (EPA 2000), Table 10 . Note these data would be concentrations/relative proportions prior to carbon capture. 
Selection of CO 2 Waste-Stream Compositions for Use in Experimental Studies
The co-contaminants and concentrations in CO 2 source streams that could be targeted for geologic sequestration are a function of both the industrial source(s) of the CO 2 , as well as the carbon capture technology used to extract the CO 2 . Previous sections addressed relative concentrations of CO 2 and other constituents in exhaust gases from major non-energy-related industrial sources of CO 2 , based on reviews of available information from both published and unpublished literature. Consistent information on stack emissions was difficult to find for most industries, so the authors of this report relied mostly on a compilation of air pollutant emission factors (AP-42) taken from EPA's Clearinghouse for Inventories & Emissions Factors.
1 It was also assumed that carbon capture technology applied to these industrial exhaust gases streams would remove most of the air (N 2 , O 2 , and Ar) to produce a concentrated CO 2 stream with the same approximate ratio of other impurities (e.g., NO x , SO x ) to CO 2 as the original exhaust emissions. This is a similar approach to that used by the International Energy Agency's (IEA) Greenhouse Gas Research and Development (IEA GHG R&D) program.
2 Table 11 summarizes the relative proportions of the major impurities assumed to be present in post-carbon capture CO 2 source streams from major non-energy-related industries contributing to CO 2 emissions that could be targeted for geologic sequestration. Also reviewed were CO 2 sequestration source stream concentrations evaluated by other researchers; it was found that Koenen et al. (2010) had selected two possible CO 2 streams for investigating the effects of impurities on geologic sequestration (see Table 12 ). Yang et al. (2007) examined the effect of three different injection gases (pure CO 2 , impure CO 2 containing 5.19 mol % O 2 , and impure CO 2 containing 9.99 mol % O 2 ) on miscible CO 2 flooding. Yang et al. (2007) found the minimum miscibility pressures for the tested oils increase unfavorably as the O 2 concentration in the CO 2 stream increased.
In selecting possible fluid concentrations for use in geochemical experiments, the authors of this report chose to include a test fluid representative of food-grade CO 2 as a control. Nearly pure, food-grade CO 2 is used for most EOR projects (Bryant and Lake 2005) , and is often used as the base case for evaluation of carbon sequestration. Battelle (2002) 1 found commercial food-grade CO 2 has a minimum purity of 99.90%. Nobles and Swenson (1984) found the final product of food-grade CO 2 must not have more than 35 ppm CH 4 (preferably no more than 5-10 ppm), 10 ppm CO, 5 ppm SO 2 , preferably no more than 0.1 ppm H 2 S, 0.5 ppm carbonyl sulfide, and 1 ppm total sulfur content. The first test fluid composition was selected to equal 100% CO 2 , to be representative of a food-grade CO 2 carbon sequestration source stream (Table 12 ).
The IEA GHG R&D program 2 found the most important impurities expected in co-captured CO 2 were H 2 S and SO 2 , with NO x and CO also listed as other significant impurities. The authors of this report used a similar approach, assuming the incondensable gases in air (O 2 , N 2 , and Ar) are removed from the CO 2 waste streams, leaving SO 2 and NO x as the main impurities. Drawing from a summary of relative proportions of various nonenergy-related industrial sources, the authors found carbon capture from most sources (except from cement production) would produce similar concentrations, not too different from that of food-grade CO 2 with greater than 99% CO 2 . Thus, the authors selected their second test fluid composition to be representative of the cement production industry (Table 13 ).
To provide some diversity for testing purposes, the authors of this report also selected a test fluid composition that might be representative of concentrations coming from flue gas (Test Fluid 3, Table 13 ), and a test concentration that might be representative of a combined CO 2 /H 2 S stream for co-sequestration (Test Fluid 4, Table 13 ). Although H 2 S concentrations as high as 21 mole % have been used for EOR (Bryant and Lake 2005) , most co-capture source streams (such as those from IGCC) plants are expected to be about 3 mole % (Haines et al. 2004) ; thus, a similar concentration for Test Fluid 4 was selected (Table 13 ). 
